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(57) ABSTRACT 

A method for operating a direct injection diesel engine 
which is operated in a first operating region corresponding 
to low to medium partial load in such a way that fuel 
combustion takes place at a local temperature below the 
temperature of NO, formation and with a local air ratio 
above the limit value for soot formation, and where fuel 
injection starts in a range of between 50° to 5° crank angle 
before top dead center of the compression phase and where 
exhaust gas is recirculated at an exhaust gas recirculation 
rate of 50% to 70%. In order to achieve high efficiency in 
each operating region while keeping NO, and particulate 
emissions low, in a second operating region corresponding 
to medium partial load, fuel injection is started in a range 
from approximately 2° crank angle before top dead center to 
approximately 20° crank angle after top dead center. 

21 Claims, 4 Drawing Sheets 

7 6 19 

  



U.S. Patent Apr. 24, 2007 Sheet 1 of 4 US 7,207,311 B2 

3 23 10 12 4 5 17 16 

S. 

2 9 14 11 13 7 6 19 Fig.1 

  

  



U.S. Patent Apr. 24, 2007 Sheet 2 of 4 US 7,207,311 B2 

lv 
  



US 7,207,311 B2 Sheet 3 of 4 Apr. 24, 2007 U.S. Patent 

CA 
II 

-- - - - 

- - - - 

-t--- 

-- - - - 

Fig.9 

  

    

  

  
    

  

  

  

  

  

  

  

  

  

  

    

  

  

  

  



US 7,207,311 B2 Sheet 4 of 4 Apr. 24, 2007 U.S. Patent 

- - - - - - - - - - - - - 

- - - - - - - - - - - - - 

-- 

- - - - - 

---- 

--- 

l 

-------------------------------- 
- - - - + ---4----------------- - - - - - - - - + - - - - - 

- - - - - - - - - - - - - - - - -------- - -t- - - - - - - - - 

--- 

------ 

--- 

. 
------ 

--------- 

--------- 

--------- - - - - - - - a 

-- 
---- 

h- - - 

--H - - 

- - - 

--------- 

- - - - - - - - - - - - - - - - - - - 

-- 

I 

- - - - - - - - - - - - - ------ 

-------------- 

------ 

- - - - - - - - - - - - ------------- - - - - - - - - - - - - - - - - 

1 

- 

----------- t 
--- 

----------- T - - - - - - --------------- 

--- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - 
--- - - - - - - - - - - - - - - - - 

- - - - - - - - - - - -- - - - - - - - - - - - - - - - - -- 

O -- 

20 24 28 32 36 

-------------- ------- --------- 

6 1 12 

--------- 
------- 

4 

- - - - - - - - - - - - - - - - - - - - 

------------------- 

4. O 

Fig. 10 

  



US 7,207,311 B2 
1. 

METHOD FOR OPERATING A DIRECT 
INUECTION DESEL ENGINE 

BACKGROUND OF THE INVENTION 

The invention relates to a method for operating a direct 
injection diesel engine which is operated in a first operating 
region corresponding to low to medium load in Such a way 
that combustion of the fuel takes place at a local temperature 
below the formation temperature of NO, and with a local air 
ratio above the ratio at which particulates are formed, where 
fuel injection is initiated at a crank angle of 50° to 5° before 
top dead center of the compression phase and where exhaust 
gas is recirculated at a recirculation rate of 50% to 70%. The 
invention furthermore relates to an internal combustion 
engine implementing the method. 
The most important variables governing the combustion 

process in a combustion engine with internal combustion are 
the phase of the combustion or rather the phase of the start 
of combustion, the maximum rate of increase of cylinder 
pressure, and the peak cylinder pressure. 

In an internal combustion engine in which combustion 
occurs essentially by self-ignition of a directly injected 
Volume of fuel, the governing variables are largely deter 
mined by injection timing, charge composition, and ignition 
lag. These parameters in turn depend on a multitude of 
variables, such as engine speed, amount of fuel, intake 
temperature, charge pressure, effective compression ratio, 
amount of inert gas in the cylinder charge, and temperature 
of the various parts of the engine. 

Increasingly strict legal requirements necessitate the 
development of novel conceptions in combustion design, in 
order to reduce the emission of particulates and NO, in 
diesel engines. 

It is known that NO, and particulate emission in the 
exhaust gas may be reduced by increasing the ignition lag by 
advancing the start of injection, Such that combustion occurs 
by self-ignition of a lean fuel-air mixture. A variant of this 
type is termed the HCLI-method (Homogeneous Charge 
Late Injection). In a combustion process of this type fuel 
injection takes place at a large enough distance from top 
dead center of the compression phase to give rise to a largely 
homogeneous fuel-air mixture. By means of exhaust gas 
recirculation the combustion temperature may be kept below 
the temperature required for NO,-formation. Since the 
homogenization of fuel and air is time-dependent, this 
method is limited as regards engine speed and load, and 
particle emission will increase if homogenization is insuf 
ficient. 

DESCRIPTION OF PRIOR ART 

U.S. Pat. No. 6,338.245 B1 describes a diesel engine 
operating according to the HCLI-method, in which combus 
tion temperature and ignition lag are chosen in Such a way 
that in the region of low to medium load the combustion 
temperature lies below the temperature of NO-formation 
and the air ratio lies above the value where particulates are 
produced. Combustion temperature is regulated by varying 
the exhaust gas recirculation rate, ignition lag is regulated 
via the timing of fuel injection. At medium to high load the 
combustion temperature is lowered such that NO, and par 
ticulate formation are both avoided. It is disadvantageous 
that especially in the medium load region a low air ratio 
combines with low combustion temperature and thus effi 
ciency is lost. 
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2 
U.S. Pat. No. 6,158,413 A describes a directly injecting 

diesel engine, in which fuel injection does not occur before 
top dead center of compression and in which oxygen con 
centration in the combustion chamber is reduced by exhaust 
gas recirculation. This method is designated here as HPLI 
method (Highly Premixed Late Injection). Because of the 
decrease in temperature level after top dead center (in 
comparison with conventional injection before top dead 
center) and the increased amount of recirculated exhaust gas 
(as compared to conventional operation), the ignition lag is 
greater than in the case of so-called diffusive combustion. 
The low temperature level regulated by exhaust gas recir 
culation causes the combustion temperature to remain below 
the value necessary for NO,-formation. The large ignition 
lag caused by retarded injection permits good mixing, thus 
avoiding local oxygen deficiency during combustion and in 
turn reducing the formation of particulate matter. The back 
shifting of the combustion process causes a reduction of 
maximum temperature, but at the same time leads to an 
increase of mean temperature at a certain later crank angle, 
which results in an increased burning of particulates. Shift 
ing the combustion into the expansion stroke in combination 
with a high exhaust gas recirculation rate will result in a rate 
of pressure increase in the cylinder which will remain within 
acceptable limits, despite a larger premixed fuel Volume due 
to the large ignition lag, and consequently a higher maxi 
mum combustion rate. A disadvantage of the method is again 
low efficiency at low load. 

SUMMARY OF THE INVENTION 

It is the object of the present invention to develop a 
method of operating an internal combustion engine which 
will have minimum nitrogen oxide and particulate emission 
from low loads up to full load while maintaining high 
efficiency over the whole range. 

According to the invention this object is achieved by 
starting fuel injection in a second operating region corre 
sponding to medium load in a range of approximately 2 
crank angle before top dead center to approximately 20° 
crank angle after top dead center, and preferably in a range 
of 2° crank angle before to 10° crank angle after top dead 
Center. 

In the first operating region (i.e., at low load) the internal 
combustion engine works according to the HCLI-method, in 
which fuel injection is timed relatively early in the com 
pression stroke, i.e., in a range of approximately 50° to 5' 
crank angle before top dead center. Fuel injection in this first 
operating region occurs preferably at pressures between 400 
and 1,000 bar. Combustion mainly occurs between 10° crank 
angle before and 10° crank angle after top dead center, 
resulting in very high efficiency. Due to the relatively high 
exhaust gas recirculation rate of between 50% and 70% the 
local combustion temperature lies below the temperature 
where NO, are produced. The local air ratio remains above 
the limit for particulate formation. Exhaust gas recirculation 
may be realized by external or internal recirculation or by a 
combination of both using variable valve control. 

In the second operating region the internal combustion 
engine is operated according to the HPLI-method. Here the 
main part of the injection phase lies after top dead center of 
compression. Due to the lower temperature level after top 
dead center—as compared with conventional injection 
before top dead center—and the increased amount of recir 
culated exhaust gas of between 20% and 40% vis-a-vis 
conventional operation, the ignition lag is increased. If 
necessary, further measures may be adopted to increase the 
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ignition lag, such as lowering the effective compression ratio 
and/or the intake temperature, or shortening the duration of 
injection by increasing injection pressure and/or increasing 
the cross-section of the injection noZZle opening. The dura 
tion of injection is chosen Such that the end of injection lies 
before the start of combustion. In this case emission of 
particulates may be kept at a very low level. This can be 
explained by the fact that the simultaneous occurrence of 
liquid fuel in the fuel jet and of the flame surrounding the jet 
in the conventional case is avoided, whereby oxidation 
reactions in the vicinity of the jet, which take place under 
conditions of air deficiency and will generate particulates, 
are also eliminated. For the combustion method of the 
second operating region injection pressures of at least 1,000 
bar are required. The advantage of the method lies in very 
low NO, and particulate emission and in the relatively high 
exhaust gas temperature, which in turn is advantageous in 
the regeneration of devices for treatment of the particle 
exhaust gas stream. 

In further development of the invention it is provided that 
in a third operating region corresponding to higher partial 
loads or to full load the main part of fuel injection takes 
place in the range of 10° crank angle before to 10° crank 
angle after top dead center, where it is preferably provided 
that in this third operating region multiple injection be used. 
The exhaust gas recirculation rate in this region amounts to 
as much as 30%, and preferably 10% to 20%. This will 
ensure good performance combined with low NO, and low 
particulate emission. 
The internal combustion engine is operated in the first, 

second and/or third operating region with an overall air ratio 
of approximately 1.0 to 2.0. 

It is preferably provided that exhaust gas recirculation be 
carried out externally and/or internally and that swirl be 
variable for at least one region, and preferably for all three 
regions. Swirl values between 0 and 5 will lead to good 
exhaust gas values at low fuel consumption. 

Furthermore it is of advantage if the geometric compres 
sion ratio is variable. The geometric compression ratio 
should be variable in the range from 15 to 19. A high 
compression ratio is advantageous for the coldstart phase. 
Reducing the compression ratio as the load increases will 
increase the maximum load attainable in the first as well as 
in the second operating region and will reduce particulate 
emission due to larger ignition lag. 

In this context it may be provided that the effective 
compression ratio be varied by shifting the closing time of 
at least one intake valve. By delaying the closing of the 
intake valve or by a very early closing of the intake valve the 
effective compression ratio may be reduced, thereby per 
mitting a reduction of the exhaust gas recirculation rate 
required for low NO, and particulate emission. It is possible 
to shift both the opening time and the closing time of the 
intake valve, or to shift only the closing time. 

In a further variant of the invention it is provided that the 
changeover from first to second operating region, or back 
from second to first region, be initiated by a reduction or an 
increase of the exhaust gas recirculation rate. Alternatively, 
the changeover from first to second operating region of the 
engine or vice versa may be initiated by reducing the internal 
or external recirculation rate and by delaying the beginning 
of injection, or by increasing the recirculation rate and 
advancing the start of injection. 

Preferably it is provided that the reduction of the exhaust 
gas recirculation rate on changing from first to second 
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4 
operating region of the engine beachieved by appropriately 
controlling the opening and/or closing time of the intake 
valve. 
The effective mean pressure in the first operating region 

is preferably between 0 and 6 bar, and more preferably 5.5 
bar, in the second operating region between 3.5 and 8 bar, 
and more preferably between 4 and 7 bar, and in the third 
operating region at least 5.5 bar, and more preferably at least 
6 bar, approximately. 

For implementation of the method a direct injection diesel 
engine is required, with at least one cylinder with a recip 
rocating piston, in which the beginning of fuel injection may 
be varied at least between 50° crank angle before top dead 
center and 20° after top dead center, and preferably up to 50° 
after top dead center, and in which the exhaust gas recircu 
lation rate may be varied between 0 and 70%. Furthermore 
it is provided that fuel injection pressure be variable at least 
between a first and a second pressure level, where the first 
pressure level preferably covers a range of 1,000 bar or less, 
and the second pressure level covers a range of 1,000 bar or 
more. Furthermore a device for changing the swirl level may 
be provided. 

It is also of advantage if the opening time and the closing 
time of the intake process are variable. To this end it is 
advantageous if the timing of the intake valve or also the 
timing of the exhaust valve may be shifted by means of a 
phase shifting device. It is of particular advantage if at least 
one intake valve can be activated during the exhaust phase. 
Additionally or alternatively, activation of at least one 
exhaust valve during the intake phase may be provided. 

BRIEF DESCRIPTION OF THE DRAWINGS 

The invention will now be explained in detail with 
reference to the attached drawings. 

FIG. 1 shows a schematic view of an internal combustion 
engine suitable for the method of the invention. 

FIG. 2 is a diagram showing the local air-ratio was a 
function of local temperature T. 

FIG. 3 is a load/speed diagram. 
FIGS. 4 to 7 are valve lift diagrams for various timing 

regimes. 
FIG. 8 is a diagram of injection time versus EGR-rate and 

load. 
FIG. 9 is a measurement diagram for the first operating 

region A. 
FIG. 10 is a measurement diagram for the second oper 

ating region B. 

DETAILED DESCRIPTION OF THE 
PREFERRED EMBODIMENTS 

FIG. 1 shows an internal combustion engine 1 with an 
intake manifold 2 and an exhaust manifold 3. The internal 
combustion engine 1 is charged by an exhaust gas turbo 
charger 4 comprising an exhaust-gas-driven turbine 5 and a 
compressor 6 driven by the turbine 5. On the intake side an 
intercooler 7 is placed following the compressor 6 in flow 
direction. 

Furthermore a high-pressure exhaust gas recirculation 
system (EGR-system) 8 with a first exhaust gas recirculation 
line 9 is provided between the exhaust gas line 10 and the 
intake line 11. The EGR-system 8 comprises an EGR-cooler 
12 and an EGR-valve 13. Depending on the pressure dif 
ference between the exhaust line 10 and the intake line 11 an 
exhaust gas pump 14 may be provided in the EGR-line 9 in 
order increase or to control the EGR-rate. 
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In addition to this high-pressure EGR-system 8 a low 
pressure EGR-system 15 is provided downstream of the 
turbine 5 and upstream of the compressor 6, a second 
EGR-line 18 departing from the exhaust line 16 downstream 
from a particle filter 17 and opening into the intake line 19 
upstream of the compressor 6. In the second EGR-line 18 a 
further EGR-cooler 20 and a further EGR-valve 21 are 
provided. For controlling the EGR-rate an exhaust gas valve 
22 is placed in the exhaust line 16 downstream of the point 
of departure of the second EGR-line 18. 

Upstream of the point of departure of the first EGR-line 
9 an oxidating catalytic filter 23 is placed in the exhaust gas 
line 10, which removes HC, CO and volatile components of 
particulate emissions. As a side effect this will increase 
exhaust gas temperature and thus the energy Supplied to the 
turbine 5. In principle the oxidating catalytic filter 23 could 
also be placed downstream of the point of departure of the 
first EGR-line 9. The variant shown in FIG. 1, with the 
EGR-line departing downstream of the catalytic filter 23, 
has the advantage that the exhaust gas cooler 12 is less 
Subject to contamination, while it has the disadvantage that 
higher exhaust gas temperatures necessitate a higher cooling 
performance of the exhaust gas cooler 12. 

For each cylinder 24 the internal combustion engine 1 has 
at least one injection valve 25, directly injecting diesel fuel 
into the combustion chamber, which is capable of perform 
ing a multitude of injections per working cycle with the start 
of each injection being variable in a range of 50° crank angle 
CA before top dead center TDC to 50° crank angle CA after 
top dead center TDC. Maximum injection pressure should 
be at least 1,000 bar. 

The shape of the combustion chamber and the configu 
ration of the fuel injection system should be designed like 
those for conventional full load diesel combustion. 

FIG. 2 shows a diagram with the local air ratio was 
ordinate and the local combustion temperature T as 
abscissa. In the region designated SOOT a large amount of 
particulates is formed. NO, designates the region where 
nitrogen oxides are formed mainly. A, B and C. are the first, 
second and third operating regions according to the present 
invention. 
The first operating region. A corresponds to a region of low 

to medium partial loads L., the second operating region B 
corresponds to a region of medium to high partial loads L. 
and the third operating region C corresponds to a region of 
high to full load LH, as can be seen in the load/speed 
diagram of FIG. 3. 

In the first operating region A, also designated HCLI 
region (Homogeneous Charge Late Injection), the start of 
injection occurs relatively early in the compression stroke, 
that is at 50° to 5° crank angle CA before top dead center 
TDC of the compression stroke, which provides a large 
ignition lag during which a partially homogeneous fuel-air 
mixture for premixed combustion can be formed. Due to 
thorough premixing and dilution extremely low particulate 
and NO emissions can be attained. As can be seen from 
FIG. 2, the first operating region. A lies significantly above 
the value Wis of the local air ratio delimiting the region of 
Soot formation. By using a high exhaust gas recirculation 
rate EGR of between 50% to 70% it is ensured that the local 
combustion temperature T, stays below the minimal tem 
perature T required for the formation of nitrogen oxides. 
Injection occurs at a pressure between 400 and 1,000 bar. 
The large ignition lag causes the combustion phase to be 
shifted into the area around top dead center TDC in which 
thermal efficiency is at an optimum. The main part of 
combustion takes place between -10° and 10° crank angle 
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6 
CA after top dead center TDC, thus resulting in high thermal 
efficiency. The high exhaust gas recirculation rate EGR, 
which is required for the first operating region A, may be 
achieved by external recirculation alone or by a combination 
of external and internal recirculation using variable valve 
control. 

In the second operating region B the internal combustion 
engine is operated according to the HPLI-method (High 
Premixed Late Injection). The main part of the injection 
phase now lies after top dead center TDC. In the region B the 
engine is operated with an exhaust gas recirculation rate 
between 20% and 40%, the start of injection lying in the 
range of 2° crank angle CA before top dead center to 20° 
crank angle CA after top dead center. By completely sepa 
rating the end of injection from the beginning of combustion 
a partial homogenization of the mixture and thus premixed 
combustion is achieved. Because of the lower temperature 
level, as compared to conventional injection before top dead 
center, and because of the increased volume of recirculated 
exhaust gas, again as compared to conventional operation, 
the ignition lag is increased. Further measures may also be 
adopted to increase ignition lag, such as decreasing the 
effective compression ratio E and/or the intake temperature, 
or shortening the duration of injection by increasing injec 
tion pressure and/or the cross-section of the injection nozzle 
opening. A short duration of injection is required also if the 
end of injection is to precede the start of combustion. In this 
case particulate emission may be kept at a very low level. 
This can be explained by the fact that the simultaneous 
occurrence of liquid fuel in the fuel jet and of the flame 
Surrounding the jet in the conventional case is avoided, 
whereby oxidation reactions in the vicinity of the jet, taking 
place under lack of air and thus generating particulates, are 
also eliminated. The late injection time together with the 
relatively long ignition lag leads to a backshift of the whole 
combustion process and thus also causes a backshift of the 
cylinder pressure curve and a decrease of the maximum 
temperature, which leads to a low level of NO-emission. 
The retarding of the combustion process causes a reduc 

tion of maximum temperature, but at the same time leads to 
an increase in temperature at a certain later crank angle CA, 
which results in an increased burning of particulates. 

Shifting the combustion into the expansion stroke in 
combination with a high exhaust gas recirculation rate EGR 
will result in a rate of pressure increase in the cylinder which 
will remain within acceptable limits, despite a larger pre 
mixed fuel Volume due to the large ignition lag and, con 
sequently, a higher maximum combustion rate. The high 
maximum combustion rate, which closely approximates 
constant Volume combustion, can at least partially compen 
sate the loss of efficiency due to the backshifting of the 
combustion phase. To achieve high efficiency the main part 
of combustion should be as near as possible to top dead 
center TDC. 

The advantage of the HPLI-method applied in the second 
operating region B lies in the very low level of NO, and 
particulate emission and in the high exhaust gas tempera 
ture, which is advantageous for the regeneration of a particle 
filter. As can be seen from FIG. 2, the local combustion 
temperature T, in the second operating region B lies to a 
Small degree above the lower NO, generating temperature 
T. The local air ratio lies for the most part above the 
limit was for the formation of Soot or particulate matter. In 
the second operating region B particulates are formed at the 
beginning of the combustion process, but due to strong 
turbulence generated by the high-pressure injection and due 
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to high temperatures the particles are oxidated towards the 
end of the combustion process and overall particulate emis 
sion is therefore very low. 

In the third operating region C the internal combustion 
engine is operated in a conventional manner with exhaust 
gas recirculation rates between 0 and 30%, multiple injec 
tions being possible. Thus both premixed and diffusive 
combustion may be used. For exhaust gas recirculation a 
combination of external and internal recirculation may be 
employed. 

For reasons of comparison FIG. 2 also shows the oper 
ating region D. This region D is for instance used in U.S. Pat. 
No. 6,338.245 B1 in the medium to high load range. Its 
disadvantage is low efficiency due to the low temperatures. 
The present invention in general avoids this operating 
region. 

In the first, second and/or third operating region A, B, C 
a Swirl may optionally be generated in the combustion 
chamber, which can further reduce the formation of soot. 
Swirl and high efficiency must be balanced against each 
other. 

It is of particular advantage if the valve timing of the 
internal combustion engine 1 can be variably adjusted. This 
will permit the rapid and precise adjustment of the EGR-rate 
between the operating regions A, B, and C when the load 
changes. By combining external and internal exhaust gas 
recirculation a particularly fast and precise control of the 
exhaust gas recirculation rate EGR is possible. Finally 
variable valve control also permits adjustment of the effec 
tive compression ratio e, which in turn permits lower nitro 
gen oxide and particulate emission at a reduced exhaust gas 
recirculation rate EGR. 

FIG. 4 shows a valve lift diagram, in which the valve lift 
L of at least one exhaust valve A and at least one intake 
valve E are plotted against the crank angle CA. By back 
shifting the intake valve curve E, for instance by using a 
phase shifter, the effective compression ratio e and the 
required exhaust gas recirculation rate EGR may be reduced. 
This may take place in all of the operating regions A, B, and 
C. E. and E., respectively, designate opening and closing 
time of the intake valve E. E. and E. designate the 
beginning of opening and the closing time of the shifted 
intake valve lift curve E. 
As an alternative only the closing slope of the intake valve 

lift curve E may be changed, which will move the closing 
time forward or backward, as is indicated by the lines E. 
and E." in FIG. 5. This will essentially have the same effect 
as shifting the whole valve lift curve (FIG. 4). 

Internal exhaust gas recirculation may be effected by 
renewed opening of the exhaust valve during the intake 
stroke as shown by line A' in FIG. 6, or by renewed opening 
of the intake valve during the exhaust stroke as shown by 
line E' in FIG. 7. This will permit rapid control of the exhaust 
gas recirculation rate EGR in all of the operating regions A, 
B, and C. It is possible to achieve changeover from the 
second operating region B with 20% to 40% EGR-rate to the 
first operating region A with 50% to 70% EGR-rate by using 
only internal exhaust gas recirculation and a forward shift of 
the beginning a, of fuel injection I. The reverse changeover 
from the first operating region. A to the second operating 
region B is also possible in this way. 

If variable valve control is not used, the changeover 
between first and second operating region A and B may be 
effected by reducing the external exhaust gas recirculation 
rate EGR and by simultaneously shifting the beginning C. of 
fuel injection I forward as shown in FIG. 8. By simulta 
neously reducing the exhaust gas recirculation rate EGR and 
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8 
shifting the beginning of fuel injection I forward backfiring 
can be avoided. Vice versa the changeover from the second 
operating region B to the first operating region A may be 
effected by simultaneously increasing the external exhaust 
gas rate EGR and shifting forward the beginning a, of fuel 
injection I. 

FIG. 9 shows a measurement diagram for an example of 
the first operating region A, where injection I, heat release 
rate Q, cumulative heat release rate XQ and cylinder pres 
Sure pare plotted against crank angle CA. FIG. 10 shows an 
analogous measurement diagram for the second operating 
region B. Thin and heavy lines represent different parameter 
configurations. The relatively large ignition lag between 
injection I and combustion can be clearly seen. 

With the method described the internal combustion 
engine can be operated in the first, second and third oper 
ating region A, B and C with high efficiency and low NO, 
and particulate emission. 
What is claimed is: 
1. A method for operating a direct injection diesel internal 

combustion engine, which is operated in a first operating 
region corresponding to low to medium load in Such a way 
that combustion of the fuel takes place at a local temperature 
below the temperature of NO, formation and with a local air 
ratio above a ratio at which particulates are formed, and in 
which fuel injection is initiated at a crank angle of between 
50° to 5° before top dead center of a compression phase and 
exhaust gas is recirculated at an exhaust gas recirculation 
rate of 50% to 70%, wherein in a second operating region 
corresponding to medium partial load, fuel injection is 
started in a range from approximately 2° crank angle before 
top dead center to approximately 20° crank angle after top 
dead center, wherein exhaust gas is recirculated in the 
second operating region at an exhaust gas recirculation rate 
between 20% and 40%, wherein fuel injection in the first 
operating region uses an injection pressure between 400 to 
1,000 bar, wherein fuel injection in the second operating 
region uses an injection pressure of at least 1,000 bar, 
wherein in a third operating region corresponding to high 
partial load or full load, start of the main part of fuel 
injection occurs in a range from -10° to 10° crank angle 
after top dead center, and wherein the effective mean pres 
Sure in the third operating region is at least 5.5 bar. 

2. The method according claim 1, wherein fuel injection 
is started in a range of approximately 2° crank angle before 
top dead center to approximately 10° crank angle after top 
dead center. 

3. The method according to claim 1, wherein in the first 
operating region a main part of combustion lies in a range of 
-10° to 10° crank angle before top dead center. 

4. The method according to claim 1, wherein in the third 
operating region multiple injection is used. 

5. The method according to claim 1, wherein in the third 
operating region the exhaust gas recirculation rate is 30% at 
moSt. 

6. The method according to claim 1, wherein in the third 
operating region the exhaust gas recirculation rate is 10% to 
20% 

7. The method according to claim 1, wherein the effective 
mean pressure in the third operating region is at least 6 bar. 

8. The method according to claim 1, wherein a overall air 
ratio lies between 1.0 and 2. 

9. The method according to claim 1, wherein exhaust gas 
recirculation is performed externally or internally. 

10. The method according to claim 1, wherein a swirl 
value is varied in at least one operating region depending on 
load and engine speed. 
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11. The method according to claim 1, wherein a swirl 
value is varied in all operating regions depending on the load 
and engine speed. 

12. The method according to claim 1, wherein an effective 
compression ratio is varied by shifting a closing time of at 
least one intake valve. 

13. The method according to claim 1, wherein at least in 
the first and/or third operating region internal exhaust gas 
recirculation is performed by opening the intake valve 
during the exhaust phase. 

14. The method according to claim 1, wherein at least in 
the first and/or third operating region internal exhaust gas 
recirculation is performed by opening the exhaust valve 
during the intake phase. 

15. The method according to claim 1, wherein changeover 
from the first to the second operating region, respectively 
from the second to the first operating region, is initiated by 
reducing, respectively increasing, the exhaust gas recircu 
lation rate. 

16. The method according to claim 1, wherein changeover 
from the first to the second operating region or vice versa is 
initiated by reducing the internal or external exhaust gas 
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recirculation rate and by delaying the start of injection, 
respectively by increasing the exhaust gas recirculation rate 
and moving the start of injection forward. 

17. The method according to claim 1, wherein a decrease 
of the required exhaust gas recirculation rate on changing 
from the first to the second operational region is achieved by 
backshifting the opening and/or closing time of the intake 
valve. 

18. The method according to claim 1, wherein the effec 
tive mean pressure in the first operating region is between 0 
to 6 bar. 

19. The method according to claim 1, wherein the effec 
tive mean pressure in the first operating region is between 0 
to 5.5 bar. 

20. The method according to claim 1, wherein the effec 
tive mean pressure in the second operating region is between 
3.5 to 8 bar. 

21. The method according to claim 1, wherein the effec 
tive mean pressure in the second operating region is between 

20 4 to 7 bar. 


